The Escherichia coli DEAD (Asp-Glu-AlaAsp) box protein DbpA is a putative RNA helicase and established RNA-dependent ATPase and is the only member of the DEAD box protein family for which a specific RNA substrate, bacterial 23S rRNA, has been identified. We have investigated the nature of this specificity in depth and have localized by deletion mutagenesis and PCR a single region of 93 bases (bases 2496-2588) in 23S rRNA that is both necessary and sufficient for complete activation of ATPase activity of DbpA. This target region forms part of the peptidyltransferase center and includes many bases involved in interaction with the 3' terminal adenosines of both A-and P-site tRNAs. Deletion of stem loops within the 93-base segment abolished ATPase activation. Similarly, point mutations that disrupt base pairing within stem structures ablated stimulation of ATPase activity. These data are consistent with roles for DbpA either in establishing and/or maintaining the correct threedimensional structure of the peptidyltransferase center in 23S rRNA during ribosome assembly or in the peptidyltransferase reaction.
DbpA is a member of the large "DEAD box" family of putative RNA helicases, so called because they share the highly conserved motif Asp-Glu-Ala-Asp together with several other conserved functional elements (1) (2) (3) (4) . DEAD box proteins are found in a wide range of organisms, ranging from bacteria to mammals, and are involved in a variety of processes such as ribosome assembly, initiation of translation, mRNA splicing, and development (2, 3) . Multiple DEAD box proteins have been identified in organisms with small genomes [e.g., 20 in yeast (5) and 5 in Escherichia coli (6) ], suggesting that they have specific functions that require interaction with specific RNA substrates. Individual members of the DEAD box family are highly conserved, and many are required for viability (7) , implying that they perform essential functions in the cell. These proteins are thought to be involved in the local unwinding of RNA secondary structures in a variety of biological processes and may, therefore, play a role in maintaining the optimal conformation of these RNA molecules or in regulating the biological events in which they are involved through controlling RNA structure.
The E. coli dbpA gene was originally isolated by hybridization with a probe from the Saccharomyces pombe homolog of p68, one of the prototypic DEAD box proteins (8) . However, DbpA is no more related to p68 than to any other members of the DEAD box family. To date, five DEAD box protein genes have been reported in E. coli. Apart from dbpA (8) , these include srmB (9) and deaD (10) which, when expressed at high-copy number, will suppress the effect of temperaturesensitive lethal mutations in L24 and S2, respectively, suggesting a role in ribosome biogenesis. Another gene, rhlB, appears essential only in some genetic backgrounds (6) , but conditional
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Several members of this family have been examined biochemically and shown to exhibit the RNA-dependent ATPase activity (9, 11) and, in some cases, RNA helicase activity characteristic of DEAD box proteins (12) (13) (14) (15) . DbpA can also hydrolyze ATP in an RNA-dependent manner, but, surprisingly, this activity specifically requires bacterial 23S rRNA (16) , suggesting that the DbpA polypeptide itself has the required determinants for specificity. In all other cases reported to date, stimulation of ATP hydrolysis occurs in the presence of a variety of RNAs, including poly(A) and poly(U) (9, 11, 17) . Moreover, the proteins for which RNA helicase activity has been shown will unwind a range of synthetic RNAs in vitro (12) (13) (14) (15) . However, although these proteins do not exhibit specificity in vitro, they may well interact with specific RNA substrates in vivo. Because several DEAD box proteins interact with RNA as part of a large complex, other factors in the complex may confer specificity-e.g., eukaryotic initiation factor eIF-4A (18, 19) .
We report the identification of the target for activation of DbpA within the E. coli 23S rRNA molecule. The extreme specificity exhibited by DbpA for its RNA substrate has allowed us to examine the sequence and structural requirements for stimulation of ATP hydrolysis. Strikingly, this region maps to an RNA fragment of 93 bases within domain V, including part of the peptidyltransferase center.
MATERIALS AND METHODS
Plasmids and Bacterial Strains. The plasmid encoding the 23S rRNA gene was derived from pKK 3535 which was from H. F. Noller (University of California, Santa Cruz) (16, 20) . The plasmids for generating RNA by in vitro transcription were pGEM3 and -4 (Promega). The expression plasmid encoding DbpA was derived from pT7.7 (21) . The plasmid encoding Zea mays 23S rRNA was from H. Kossel (Albert-LudwigsUniversitat, Freiburg, Germany) whereas that encoding Arabidopsis mitochondrial, 23S-like, 26S rRNA was from P. Brandt (Institut fur Genbiologische Forschung, Berlin).
Generation of Deletions and PCR Fragments Within 23S rRNA. Deletions within the 23S rRNA gene were generated by using convenient restriction sites. Where necessary, suitable fragments were then cloned in pGEM3 and -4 (Promega) for subsequent synthesis of RNA by in vitro transcription using T7 RNA polymerase. PCR fragments were generated using the plasmid encoding the complete 23S rRNA gene or appropriate deletion derivatives as template DNA. These fragments were cloned in pCRII (Invitrogen) or pGEM vectors for subsequent RNA synthesis in vitro using T7 polymerase. All subclones derived from PCR fragments were sequenced to confirm that no unwanted mutations had been incorporated in the PCR reactions.
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In some cases it was not possible to construct certain fragments by PCR, presumably due to secondary structure in the DNA substrate. Therefore, in these cases ( RNA synthesis in vitro. Other site-directed mutagenesis was done by using the recombinant PCR method of Higuchi (22) . In this case PCR was done directly on the pGEM plasmid encoding the same region, and after mutagenesis the resulting DNA fragment was again cloned in pGEM for RNA synthesis. All mutants were sequenced to ensure that only the desired mutations had been incorporated in the DNA.
RESULTS
Identification of the Target Within 23S rRNA. DbpA will hydrolyze ATP only in the presence of bacterial 23S rRNA. To identify the specific target for DbpA within E. coli 23S rRNA, several deletion derivatives of the plasmid encoding the complete 23S rRNA gene were constructed by using suitable restriction sites. Further localization of the target was then done by synthesizing smaller fragments by PCR. All fragments were subcloned in suitable vectors for RNA synthesis in vitro. The ability of these RNAs to stimulate ATP hydrolysis by DbpA was then determined in standard ATPase assays as described. The deletion derivatives and PCR fragments of the 23S rRNA gene and their ability to stimulate ATP hydrolysis by DbpA are shown in Fig. 1 .
This approach localized the target to a fragment of 188 bases (bases 2418-2605) within domain V in the 23S rRNA, as defined by Noller (23) . This fragment (plasmid 274) is necessary and sufficient to stimulate full ATPase activity. No ATPase activity was detected with 23S rRNA from which this region had been deleted (data not shown). However, we cannot exclude the possibility that other regions within the 23S rRNA may influence the stimulation of ATP hydrolysis by the specific target.
Fine Analysis of Target and Role of rRNA Secondary Structure. To characterize the target in further detail, the region of 23S rRNA encoded within plasmid 274 (bases 2418-2605) was subdivided into three segments using complementary synthetic oligonucleotides; this procedure generated plasmids 275, 276, and 277 (Fig. 2 ). RNAs were synthesized from these plasmids in vitro and used in ATPase assays, as described above. Individually, these RNAs stimulated only low levels of ATP hydrolysis (see Fig. 2 Importance of Stem-Loop Structures. The importance of the two stem-loop structures (marked 3 and 4 in Fig. 3a) for recognition of this RNA by DbpA was investigated by constructing mutants that lacked either one or the other of these stem-loops. These mutants were in the context of a pGEM plasmid that included the region corresponding to bases 2475-2605 in 23S rRNA. The mutants were then used as templates for synthesis of RNA in vitro. When these RNAs were used in standard ATPase assays for DbpA, no ATP hydrolysis was observed, suggesting that both stem-loop structures are required for this RNA to act as a target for DbpA (data not shown).
To test the importance of maintaining the stem structures within the target contained in-fragment bases 2496-2588, a range of mutants, which would be expected to disrupt each stem in turn, were generated (Fig. 4a ). RNAs were synthesized using the mutant plasmids as templates, and these were then used in DbpA-dependent ATP hydrolysis assays. Fig. 4b shows the ATPase activity of DbpA with the wild-type and mutant RNAs as substrates. These findings clearly show that disruption of stem 1 does not affect the ability of the RNA to act as a substrate for DbpA, whereas disruption of stems 2, 3, or 4 markedly reduces ATPase activity. These results, together with those from the annealing experiments (Fig. 2) , reinforce the idea that the secondary structure of the target RNA is of central importance for recognition of this RNA by DbpA.
To examine further the nature of this reduced ATPase activity, kinetic analyses were done to compare the ability of wild-type RNA to stimulate ATP hydrolysis with that of the stem-loop mutants. Our data (Fig. 5) showed that changing the (20 nM In a previous study (16) we showed that the ATPase activity of DbpA is stimulated by a range of bacterial 23S rRNAs rather than specifically E. coli 23S rRNA. In contrast, RNAs from eukaryotic sources were unable to stimulate activity. To confirm this, we obtained clones encoding the Z. mays chloroplast 23S rRNA and the Arabidopsis mitochondrial, 23S-like, 26S rRNA and synthesized RNA in vitro. Neither of these molecules acted as substrate for DbpA (data not shown). We therefore compared bacterial and eukaryotic 23S or 23S-like sequences from the data base in the region corresponding to the target for DbpA, as defined above. Fig. 6 shows an example of such comparisons. As expected, when Bordetella bronchoseptica (Fig. 6a) and Bacillus subtilis (Fig. 6b) were compared to E. coli, considerable sequence conservation was observed in this region. Moreover, although there were some sequence changes in the loops, any base changes in the stems were always accompanied by compensatory changes that maintained the base-pairing and, therefore, the stem structure. This result suggests that the secondary structure of the target in 23S rRNA is important for recognition by DbpA. On the other hand, in the Z. mays chloroplast RNA (Fig. 6c) , although there was again general sequence conservation, there were some changes that would be expected to disrupt the stem structures. These included changes (arrows in Fig. 6c ) that would effectively shorten stems 2 and 3 (numbering stems as in Fig. 4a ).
In our search of the data base all eukaryotic 23S rRNAs included some base changes that would potentially disrupt at least one of the stem structures (data not shown).
DISCUSSION
The E. coli protein DbpA is singular among the family of DEAD box proteins in being the only protein to date that shows striking selectivity with respect to its RNA substrate, 23S rRNA (16) Fig. 3 (27) ; it will be interesting to determine which paradigm is appropriate for DbpA.
The region of 23S rRNA that activates the ATPase activity of DbpA forms part of the peptidyltransferase center of the ribosome, suggesting that DbpA may play a role in translation. DbpA may be involved in the peptidyltransferase reaction itself. During this reaction, the A-and P-site tRNAs interact via their 3' CCA end with several sites in domain V of 23S rRNA, particularly in the region of the universally conserved central loop (the peptidyltransferase center: between bases 2058 and 2611) (24, 25, 28) . Our finding that DbpA interacts specifically with bases 2496-2588 is therefore very suggestive. For example, DbpA may facilitate correct binding of the tRNAs. Alternatively it may be involved in translocation. Moazed and Noller (29) have shown that translocation of tRNA involves two distinct steps and have proposed a model for the process that involves relative movement of the 30S and 50S subunits. Such a mechanism may require precise conformational adjustments of the subunits and/or local rRNA structures. It will therefore be interesting to determine whether DbpA plays a role in any part of this mechanism.
The function of DbpA may not necessarily be a direct one in peptidyl transfer or translocation. It is well known that in vitro reconstitution of the 50S subunit requires long incubations at high temperature, whereas assembly of ribosomes in vivo occurs in a few minutes at 37°C (30, 31) . Therefore, DbpA may facilitate correct folding of 23S rRNA to allow binding of the appropriate ribosomal proteins to establish and maintain the structure of the peptidyltransferase center. Genetic evidence already suggests that other E. coli DEAD box proteins-namely, SrmB and DeaD-may play individual roles in ribosome biogenesis (9, 10) . Although these proteins do not exhibit RNA substrate specificity in vitro, this could be conferred in vivo by other proteins in the ribosome complex. Clearly, specificity in recognition of particular regions of the rRNAs is likely to play a crucial role during the different stages of the ribosome assembly process.
